Introduction Background
All duplex stainless steels (DSSs) contain some nitrogen, typically in the 0.15 to 0.35 wt-% range (Ref. 1) with higher values found in the lean, super, and hyper duplex grades. The most widely used DSS type 2205 (UNS S32205/EN 1.4462) contains 0.14-0.20 wt-% nitrogen, which effectively replaces nickel with this less expensive alloying option. The addition of nitrogen strengthens both ferrite and austenite phases by dissolving as an interstitial alloying element in solid solutions. Nitrogen is a well-known strong austenite former, and it increases the base metal yield and ultimate tensile strength.
To quantify the austenite stabilizing effect of nitrogen, the nickel equivalent formula can be used. According to the WRC-1992 (Ref. 2) diagram's formula, nitrogen is 20 times more potent than nickel is as an austenite stabilizer. Other resources indicate a 30 times higher potency than Ni (Ref.
3). Adding nitrogen content increases the austenite transformation temperature and promotes austenite formation at high temperatures during the cooling cycle (Ref. 4) .
The DSSs were originally developed not only for their higher strength, but also their resistance against stress corrosion cracking when compared to austenitic stainless steels. The DSSs were also found to have good resistance against pitting corrosion (Ref. 5) . Nitrogen also helps in preventing the precipitation of brittle intermetallic phases, such as  and , by reducing chromium partitioning (Refs. 5, 6) . However, if some Cr-rich nitride precipitates form in the ferritic phase, they can decrease ductility, toughness, and corrosion resistance (Refs. [7] [8] [9] .
Nitrogen can be lost from the base metal during fusion welding as it evaporates in the heat generated by the electric or thermal plasma. For practical solutions to this N loss (N refers to monatomic nitrogen, while N 2 refers to diatomic nitrogen), welding handbooks and recommendations often offer a narrow technological window in case of using nitrogen as shielding or backing gas. They also recommend using 2-5% of N 2 into the shielding gas to compensate for the nitrogen loss (Ref. 10). Some researchers (Refs. 11, 12) used 10-20% nitrogen content in argon shielding gases to compensate the nitrogen loss in the weld metal (WM).
The kinetics of nitrogen reactions are more complicated and very dependent on solidification and cooling rates. Therefore, a brief review of nitrogen/molten metal reactions follows in the following order: 1) sources of atomic nitrogen in fusion welding, 2) nitrogen absorption into or rejection from the weld pool, 3) nitrogen solubility in the molten metal, 4) nitrogen entrapment under nonequilibrium solidification, and 5) nitrogen's role in subsequent solid-state diffusion and reactions upon weld cooling.
Literature Review, Problem Statements
Review of other studies (Refs. 11, 13, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , which describe the impact of nitrogen in DSS welding, revealed a strong emphasis on explaining nitrogen solubility, solidstate ferrite-to-austenite phase transformations, and gas 
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ABSTRACT
Much development work has been performed worldwide on the welding of duplex stainless steels (DSSs), where losses in base metal nitrogen during welding have been compensated by filler metal and nitrogen additions to the shielding gas. However, some heat-affected zone (HAZ) microstructural changes have not always responded consistently to nitrogen mixtures added to the shielding gas. In this work, DSS weld microstructures were investigated as a function of weld thermal cycles and shielding gas nitrogen content. Physical simulations, actual gas tungsten arc welding (GTAW) in controlled atmospheres, and entrapped nitrogen measurements were used to relate to the weld austenite-to-ferrite (A/F) phase ratios. Results showed the thermal cycles had a stronger effect on the weld A/F ratio than shielding gas nitrogen content. Physical simulations and actual GTAW trials also showed the A/F ratio changes in the opposite way in the fusion zone than in the HAZ. Reheating was also found to have an important effect on the microstructure. The above findings should allow fabricators to better design the welding process with DSS. Better control of nitrogen-containing shielding gas mixtures, along with heat input limitations, should result in more consistent weld properties and wider use of DSS by industry. First, the established models are referring to solubility and diffusion kinetics of atomic nitrogen in the solid state, not in the liquid. Second, most papers do not differentiate between the role of atomic and diatomic nitrogen in the case of molten state during fusion welding. Third, there is no differentiation on the solidification rate driven vs. the solid state (diffusion driven) phase transformations, which are governed by the subsequent cooling rate. Fourth, the role of free, dissolved nitrogen in reheating, simulating multipass welding is also not well covered in the open literature. Detrimental phase transformations can form during multipass welding, such as chromiumnitride precipitation and secondary austenite formation, which can lead to a significant unbalance between the austenite-to-ferrite (A/F) ratios. Finally, understanding complicated thermal effects, dilution, filler metal nitrogen content, heat input, reheat cycles, and the effect of nitrogen backing gas is not complete from the open literature. What is known provides solutions in a narrow operational envelope (heat input, type of filler metal, shielding gas, chamfering, and so on) for industrial partners.
Objectives
In conclusion, the present research was needed for a more comprehensive understanding of the role of nitrogen on DSS welding. The aim of this work was to systematically separate the effects of atomic from molecular nitrogen effects in fusion welding of DSSs. Heat input, solidification and cooling rates, and reheating effects were to be included in the study, while analyzing the effect of nitrogen additions on microstructure via the shielding gas, filler metal, and multiple-pass welding.
Experimental Procedures Chemical Composition of Duplex Stainless Steel Grades
To investigate the effects of nitrogen and thermal cycles on duplex stainless steels, three different types of DSSs were used in our research ( (9. 525-mm) rod form and one superduplex grade UNS S32750 (SDSS 2507). All of the utilized grades contain a high amount of nitrogen (0.160-0.276 wt-%) as the alloying element. The base metals were received in the annealed condition as coming from the manufacturer.
Microstructure Evaluation
Optical microscopy was used to evaluate the weld metal and heat-affected zone (HAZ) microstructures. The samples were etched using Beraha's II reagent with the composition of 85-mL distilled water, 15-mL HCl, and 1-g K 2 S 2 O 5 . The etchant Fig. 1 tints the ferrite (bcc lattice structure) phase dark and leaves the austenite (fcc lattice structure) phase bright, which is suitable for austenite fraction measurements.
For austenite fraction measurements, the Image Pro® image analysis software, Feritscope® measurements, and manual point count method according to the ASTM E562 Standard were used. To validate the image analysis results to the Feritscope® measurements, a double-etching method with Beraha's II reagent was used, which results in high contrast between the austenite and ferrite phases - Fig. 1 . The developed method for optimal etching and image analysis can be found from previous work (Ref . 26) .
To validate the developed process of image analysis, quantitative optical microscopy was also used to determine the volume fraction by a manual point count method, according to the ASTM E562 Standard (Ref. 27). In this method, an array of points formed by a grid line is superimposed upon a magnified image, and the number of points falling within the microstructural constituent of interest is counted and averaged for a selected number of fields. If the amount of volume fraction of interest is more than 20% (which is true for almost all cases of DSS welds), 100 points should be evaluated of 20 fields for a 10% relative accuracy. While the point-counting method is acceptable according to standards, this analysis is slow, highly subjective, and not repeatable for all users. In this research, 108 intersection points were evaluated in each of the 10 images for comparison to the image analysis and Feritscope® techniques.
Total Nitrogen Content Measurements
The total dissolved nitrogen content measurement was performed according to the ASTM E1019 Standard (Ref. 28). Four samples were machined out from the weld metal or the simulated HAZ and burned in a Horiba Emga 620-W nitrogen analyzer. The total nitrogen content was measured with an inert gas thermal conductivity detection method. The measurement range was 0-5000 ppm with the minimum accuracy of 1.5 ppm and sensitivity of 0.01 ppm.
Heat-Affected Zone Simulations in a Gleeble
® Physical Simulator
For HAZ simulations, the DSS 2205 rods in 3 ⁄ 8 in. (9.525 mm) diameter were reheated in a Gleeble® 1500 physical simulator in 99.996% pure argon atmosphere. The samples were heated to 1350°C peak temperature under 10 s and kept for 1 s at the maximum temperature to develop an almost fully ferritic initial microstructure. Different controlled cooling rates were chosen between 1350˚ and 800°C, and then air cooled to room temperature - Fig. 2 .
The used cooling rates were as follows: 10˚, 19˚, 27˚, 36˚, 54˚, 80˚, 113˚, 149˚, and 500˚C/s (water quenched) to 800˚C (dT 12/8 ) following free cooling to room temperature. The temperature measurement was done using R-type thermocouples. Typical simulated HAZ and actual HAZ microstructures were compared (e.g., Fig. 3 ) and good correlations in microstructure and A/F phase ratios (measured by the image analysis method) were found. For comparison of the Gleeble® simulated sample (with 54 °C/s cooling rate), singlepass autogenous gas tungsten arc welded 2-mm-thick DSS 2205 sheets were used, with an average measured 51°C/s cooling rate (dT 12/8 ) in the HAZ.
Pseudo-Nitriding Simulations in a Gleeble
®
Physical Simulator
The pseudo-nitriding experiments were done on the DSS 2205 rod samples using a constant peak temperature of 1350°C, different peak temperature holding times, and subsequent 50°C/s controlled cooling rate (dT 12/8 ). Using pure argon gas for comparison, the Gleeble® chamber was flooded with 100% nitrogen for short times (total times 5 to 60 s), which is much longer than used in real-life welding. These samples were cross sectioned and the thickness of the pseudo-nitrided outside diameter (OD) layer was measured for each sample. The diffusion distance of the monatomic nitrogen (N) was calculated, using the 1D diffusion model 
Single-Pass Autogenous GTAW with Argon Shielding Gas
To investigate the effects of arc energy (cooling rate) on the weld metal A/F phase ratio and nitrogen loss, the 3-mmthick LDX 2404 sheets were autogenously gas tungsten arc welded with argon shielding gas, with the flow rate of 25 ft 3 /h (12 L/min) in all cases and without filler metal. The LDX 2404 base material was chosen because of its highest initial nitrogen content in the base metal (0.276 wt-%, Table  1 ) among the investigated grades, thus the nitrogen loss in Another set of autogenous gas tungsten arc welding (GTAW) trials were done on the 6-mm-thick DSS 2205 sheets with argon shielding gas, with the same flow rate of 25 ft 3 /h (12 L/min) in all cases, using these even improper arc energies: 0.25, 0.85, 1.00, 1.57, 2.36, and 2.95 kJ/mm, equal to 6.25, 21.25, 25.0, 40.0, 60.0, and 75.0 kJ/in., respectively. The purpose of this study was to compare the austenite fraction changes (as a function of the cooling rate) in the HAZ (Gleeble® simulated) and WM (actual GTA welded). The temperature readings in the HAZ were done using K-type thermocouples, which was supported by a FLIR-type thermal imaging camera (emissivity constant of 0.25). The root side of the welds were protected with argon shielding through a diffuser box.
Single-Pass Autogenous GTAW with Different Nitrogen Content in the Shielding Gas
For the investigation of the nitrogen content (N 2 ) in the shielding gas, GTAW trials were done on the 2-mm-thick DSS 2205 and LDX 2404 sheets. The used tungsten electrode was 2% thoriated with 1 ⁄ 8 in. (3.2 mm) diameter and ground to a 40-deg electrode angle. The arc length was initially 2 mm, which was controlled with the automatic arc voltage system to keep a constant arc energy. For grade DSS 2205, the used arc energy was constant 0.43 kJ/mm (11 kJ/in.) with the shielding gases of Ar, Ar + 2N 2 , Ar + 5N 2 , and Ar + 10N 2 .
For grade LDX 2404, the used arc energy was constant 0.86 kJ/mm (21.8 kJ/in.), using even improper shielding gas mixtures of Ar, Ar + 2N 2 , Ar + 5N 2 , Ar + 10N 2 Ar, Ar + 20N 2 , and even Ar + 50N 2 .
For both cases, the root side was protected using argon shielding. The shielding gas flow rate was 25 ft 
Multipass Welding Simulations in a Gleeble
® Physical Simulator
One set of autogenous GTA welded DSS 2205 samples, welded with different nitrogen content in the shielding gas (four samples, described in the previous section), were reheated in a Gleeble® physical simulator in argon atmosphere. The reheating was done with 1250°C peak temperature, 1-s holding time, and 50°C/s cooling rate to 800°C, as this cooling rate was measured in the HAZ during the actual GTAW. The purpose of this experiment was to investigate the effect of multiple thermal cycles (e.g., multipass welding) on the austenite fraction. An example of the evolved microstructure can be found in Fig. 4 , where a Gleeble® simulated reheated weld metal microstructure is compared to an actual multipass GTA welded root pass of DSS 2205 grade welded with a ER2209 filler consumable.
Actual Gas Tungsten Arc Multipass Welding
Finally, to investigate the effects of the subsequent passes on the root pass austenite fraction, one set of welding trials was done on the 6-mm-thick SDSS 2507 sheets using automated welding wire feed welding equipment. The sheets were prepared with a 75-deg chamfering and 2-mm root opening to create a single-side V-groove geometry. The filler Table 2 ). For the investigation of the effects of the number of subsequent passes above the root pass, different welding parameters were used (Table 3) . For all of the welding trials the same Ar + 2N 2 gas mixture was used with the flow rate of 30 ft 
Results and Discussion
Microstructure Evaluation Results
The austenite fraction of the WM of autogenously welded DSS 2205 sheet with 40 kJ/in. arc energy was evaluated using three methods: 1) developed image analysis method (Ref. 26), 2) Feritscope® measurements, and 3) ASTM E562 manual point count method. The results are presented in Table 4 . For proper investigation, ten images were evaluated in the case of all three methods. In all cases, the same austenite fraction was practically measured.
The highest standard deviation was experienced in the case of the ASTM E562 manual point count method, which represents the subjectivity of the measurement. The difference between the average A/F ratio of the image analysis measurements and Feritscope® measurements is 1.4%. 
Heat-Affected Zone Simulations in a Gleeble
®
Physical Simulator Results
The results of the HAZ simulations of DSS 2205 base metal rods are represented in Fig. 6 . It was found the cooling rates in the 1200˚ to 800°C range (dT 12/8 ) had a more significant effect on the austenite fraction in the simulated HAZ than the total dissolved nitrogen content. All of the duplex stainless steels solidified as delta-ferrite and the ferrite-toaustenite transformation occurred in the solid state (Ref. 1). As the samples were heated to 1350°C peak temperature, the initial microstructure was believed to be practically fully ferritic, according to the chromium-nickel pseudobinary phase diagram (Ref. 1). This presupposition was verified on water-quenched samples after 1-s peak temperature holding time. The measured austenite fraction in the waterquenched sample was 9.5 area-%. The measured austenite fraction in the simulated HAZ varied between 9.5 and 56.4 area-%. The lowest applied cooling rate (dT 12/8 = 10°C/s) resulted in the highest austenite fraction (56.4 area-%), which is close to the DSS 2205 base metal austenite fraction (57.0 area-%) in as-received (annealed) condition. The increasing dT 12/8 resulted in decreasing austenite fraction. Cooling rates more than 100°C/s resulted in less than 30% austenite fraction, which is mostly accepted as the lowest austenite content limit in DSSs (Ref. 5). The measured total nitrogen content of the HAZ simulated samples has not changed compared to the base metals 0.163 wt-% with the applied cooling rates. These results show the cooling rate has a very significant impact on austenite volume fraction, and nitrogen content does not change in solid-state reheating/cooling over the times and rates investigated.
Fig. 7 -A -Microstructure of the DSS 2205 rod in the as-received form (annealed); B -the evolved austenitic OD layer thickness after a 5-s holding time; and C -60-s holding time in nitrogen atmosphere. (The images were taken at the same magnification.)
Pseudo-Nitriding Simulations in a Gleeble
® Physical Simulator Results
The as-received DSS 2205 base metal rod microstructure consists of evenly distributed ferrite and austenite phases - Fig. 7A . After a 5-s holding time at 1350°C peak temperature in 99.996% pure nitrogen atmosphere and 50°C/s cooling rate (dT 12/8 ), a HAZ-like microstructure evolved with an average 43 area-% austenite fraction - Fig. 7B . On the 5-s held sample, no evolved austenitic layer appeared on the outside diameter by optical microscope analysis. However, a detectable austenitic layer can be seen by optical microscopy when increasing the peak temperature to 30, 45, and 60 s - Fig. 7C .
The maximum thickness of the evolved austenitic OD layer was measured in the case of the 60-s holding time, which is an average 77.3 m - Fig. 8 . In this case, the initial 0.163 wt-% nitrogen content increased to 0.182 wt-% of the sample cut out from the cross section. Comparing the calculated atomic nitrogen diffusion distance to the measured austenitic layer thickness (Fig. 8) , the calculated distances are much larger at the investigated temperature and holding time. The possible reason for this is the numerical model only calculates with one dimension of nitrogen diffusion in the purely atomic form and in Gleeble® simulations diatomic nitrogen atmosphere presents, which dissociates (Ref. 31) .
Our results confirmed diatomic nitrogen could have a significant effect on the evolving microstructure even in a plasma-less environment. This finding can be important when using nitrogen or nitrogen-containing mixtures as backing gas (Refs. 13, 32, 33) and requires more attention in the case of multipass welding, where the root pass is continuously reheated.
Single-Pass Autogenous GTAW with Argon Shielding Gas Results
The results of austenite fraction in the WM and the total dissolved nitrogen content of the autogenously GTA welded grade LDX 2404 can be seen in Fig. 9 . The increasing arc energy resulted in decreasing austenite fraction in the WM. The reason for this is the dissolved nitrogen loss from the base metal (escaping from the molten pool) is increasing with the increasing arc energy (Ref. 23) . The low austenite and high fer- The nitrogen loss can be described by the model developed by Du Toit (Ref. 35) . According to the model, during the arc welding of high-nitrogen stainless steels (such as DSS), the possible sources of nitrogen that can enter the weld pool are as follows: 1) from the arc atmosphere and 2) from the nitrogen-alloyed base metal. The possible desorption (evolution) of nitrogen can take place 3) to the arc plasma, recombining as diatomic N 2 , and 4) solidifying at the rear of the molten pool, toward the base metal. If the first source of nitrogen (from the arc plasma) is restricted, as in this case of autogenous GTAW with pure argon shielding gas, this absorption-desorption balance is upset.
As a result, nitrogen loss can be measured in the weld metal, which leads to decreasing austenite fraction. The amount of nitrogen loss is proportional to the applied arc energy and the molten pool volume. Figure 9 shows a higher arc energy resulted in a larger molten pool volume, which resulted in lower austenite fraction due to increasing nitrogen loss. Although the Du Toit model (Ref. 35) does not take into account the effects of diatomic nitrogen (see the pseudo-nitriding simulations section) and the interaction between the HAZ and the WM, this model describes the molten pool size effect on the level nitrogen loss.
To compare the different behaviors of HAZ and WM austenite fraction and nitrogen content, one set of autogenous GTAW trials was done on DSS 2205 6-mm sheet, using even improper arc energies (see the single-pass autogenous GTAW with argon shielding gas section). To compare the effect of nitrogen and thermal cycle on the austenite fraction between the HAZ and WM, an infrared thermal camera was used to measure the dT 12/8 cooling rate in the GTA welded WM during welding. As the chemical composition of the DSS 2205 rods used for Gleeble® simulations and the 6-mmthick DSS 2205 sheets used for autogenous GTAW is the same (with the same 0.160 wt-% nitrogen content, Table 1 ), the results can be compared to each other. From Fig. 10 , opposite trends can be visible in the austenite fraction as a function of the dT 12/8 cooling rate between the HAZ and WM. The austenite fraction monotonically increases in the WM with decreasing heat input (increasing cooling rate), while the austenite fraction monotonically decreases in the HAZ with decreasing heat input. Figure 10 suggests that the austenite volume fraction is more sensitive (responsive) to fusion zone weld pool size (i.e., higher cooling rates have smaller weld pool so more retained nitrogen under autogenous welding) than HAZ cooling rates. In the fusion zone, the thermal cycle affects the molten pool volume and thus the nitrogen loss from the molten pool, and the thermal cycle defines the atomic nitrogen diffusion distance in the HAZ (in solid state). The total dissolved nitrogen content remained the same in the case of HAZ simulations (see the heat-affected zone simulations in the Gleeble® physical simulator results section) and decreased in the WM with the increasing heat input (lower cooling rate).
Some of the reasons for this behavior must be based on the increased austenite content in the HAZ at the slower cooling rate, because previously dissolved atomic nitrogen has more time for diffusion and to form austenite. On the other hand, in the weld metal, increasing nitrogen loss is taking place with increased heat input, because nitrogen has more time to escape from the molten pool.
While the reason for this opposite behavior in austenite content between the HAZ and WM is not clear at this point, it is hypothesized that while the volume of HAZ affected in these experiments was more or less the same, cooling rates (determined by the arc energy changes) greatly affected the molten pool size as well (i.e., the area where nitrogen absorption and/or dissolution/evaporation can take place).
More experiments and modeling should be used to verify the aforementioned trend. If proven true, the difference in dissolved nitrogen between the two zones could be used in the future to bring an equilibrium to these two zones by a low temperature postweld heat treatment with taking care to sigma phase formation.
Single-Pass Autogenous GTAW with Different Nitrogen Contents in the Shielding Gas Results
Two sets of welding trials were done on LDX 2404 3-mmthick and DSS 2205 2-mm-thick sheets. In the case of the LDX 2404 base metal, nitrogen containing shielding gas mixtures up to 50% N 2 content were used. Figure 11 shows the results of austenite fraction and nitrogen content in the WM.
Increasing N 2 content in the shielding gas resulted in increasing austenite fraction and dissolved nitrogen content; however, the relationship is not proportional. Because of the solubility and ionization limits of nitrogen, the ideal 50% austenite and 50% ferrite phase fraction can hardly be achieved with autogenous welding. More than 30% N 2 beside argon is needed for the shielding gas to reach 50% austenite fraction for autogenous GTA welds of LDX 2404 base metal with 0.86 kJ/mm arc energy. To reach the base metal's average ~ 60% austenite fraction, ~ 45% N 2 containing gas mixture should be used with the investigated arc energy. These levels of nitrogen shielding gases are highly impractical and cannot be applied in industrial conditions. Using 10% N 2 in the shielding gas mixture resulted in almost the same dissolved nitrogen level (0.264 wt-%) as in the base metal (0.276 wt-%). Although the dissolved nitrogen content increased to this level, the austenite fraction remained much lower (35.7 area-%) than in the base metal. The reason for this is the high dependency of the austenite fraction on the thermal cycle. As the ferrite-to-austenite transformation occurs in the solid state, through a diffusion-driven process, lower cooling rates (higher heat inputs) promote more austenite formation. On the contrary, higher heat inputs will result in larger molten pool volume, which promotes nitrogen loss and results in decreasing austenite fraction (see the single-pass autogenous GTAW with argon shielding gas results section). The balance between nitrogen loss, solubility, shielding gas nitrogen content, and arc energy should be considered variables for future research of DSS autogenous welds. As a result, proper filler material selection and, most importantly, proper welding thermal cycle should be considered when seeking to reach the desired level of A/F phase ratio in the WM and HAZ.
Multipass Welding Simulations in a Gleeble
® Physical Simulator Results
A second set of GTAW trials with subsequent solid-state reheating was also done (according to the multipass welding simulations in a Gleeble® physical simulator section) to simulate multipass welding effects on the austenite phase fraction in the WM. The increasing nitrogen content in the shielding gas used for GTAW resulted in increasing austenite fraction in the WM - Fig. 12 .
However, as was shown previously (in the single-pass autogenous GTAW with different nitrogen content in the shielding gas results section), the relationship is also not proportional. Between the 2 and 5% N 2 shielding gas mixtures, practically no austenite fraction increase (an average + 0.1 area-%) is measurable. The subsequent solid-state reheating (thermal cycle) had more of a significant effect on the microstructure formation between 2 and 5% N 2 . The largest increase, + 6% austenite fraction, is measured in the case of the argon shielding welded WM. We hypothesized that the reason for this is the secondary austenite ( 2 ) formation, related to the previously formed chromium nitride (Cr 2 N) precipitations. The argon shielded WM showed the lowest average austenite fraction (32.1 area-%) in the aswelded condition. This means the dissolved atomic nitrogen in the molten pool remained in the relatively large (~ 300 m) ferrite grains during solidification. As the solubility limit of nitrogen in delta-ferrite is very low (0.01 wt-% at 700°C (Ref. They stated e Cr 2 N precipitations will occur in the nitrogen supersaturated delta-ferrite, which are not stable at the  2 formation temperature (see Ellingham's diagram for nitrides). During reheating above 950°C, the Cr 2 N growth will cause Cr depletion and Ni enrichment in the surroundings, which is favorable for  2 formation. When  2 nucleates, Cr 2 N can dissolve due to the short diffusion path of nitrogen. Figure 12 also shows that a higher N 2 shielding gas resulted in higher austenite fraction (48.5 area-% in the case of the 10% N 2 welded sample), where the solid-state reheating only had a minor effect on the microstructure (+ 2% austenite). As the initial, as-welded microstructure had more austenite fraction, the dissolved atomic nitrogen could diffuse to the austenite phases during solid-state phase transformation. As the solubility of nitrogen is much larger in austenite than in delta-ferrite (~ 0.4 wt-% at 1100°C (Ref. 1)), the trapped nitrogen can dissolve in austenite, and less atomic nitrogen in delta-ferrite will form Cr 2 N, which later can promote  2 formation.
Actual Gas Tungsten Arc Multipass Welding Results
To verify the reheating effects on the evolving microstructure, actual heterogeneous GTAW trials (see the actual gas tungsten arc multipass welding section) were done on high-nitrogen alloyed superduplex stainless steel SDSS 2507 (Table 1 ). Figure 13 shows the austenite fraction increases in the root pass WM with increasing subsequent passes (lower heat input per pass).
This finding needs great attention by industrial partners. For example, welding heavy-walled DSS pipes with multiple welding passes can lead to difficulties in the prediction of the A/F phase ratio of the root pass. As the subsequent reheating cycles will mean increasing austenite fraction in the root pass, a highly austenitic microstructure can form at the contact surface of the stored product. A very high austenite fraction (more than 70%) can lead to higher susceptibility to stress corrosion cracking (Ref. 40 ) and a possible corrosion degradation of the weld root. Moreover, the diatomic nitrogen also influences the surface microstructure (as shown in the pseudo-nitriding simulations in the Gleeble® physical simulator results section). Thus, pure nitrogen as a backing gas needs to be considered for welding procedures in pipe welding.
Conclusions
Several of the objectives of this work have been confirmed by other researchers, but a few new conclusions also arose from this work. From the simulation results, the following conclusions can be drawn:
• The cooling rate between 1200˚ and 800°C (dT 12/8 ) had a significant effect on the austenite fraction of the simulated HAZs. Austenite fraction close to the initial base metal microstructure was measured in the case of dT 12/8 = 10°C/s. On the other end, the water-quenched samples with dT 12/8 = 500°C/s resulted in an almost fully ferritic microstructure. The total dissolved nitrogen content in the HAZ simulated samples did not change significantly.
• The diatomic nitrogen had an effect on the microstructure in a plasma-less environment at high peak temperatures and longer holding times than what normally occurs in the case of arc welding. Diatomic nitrogen could dissociate and diffuse into the microstructure, resulting in a fully austenitic outside layer with a thickness of ~ 70 m after 60 s.
• Multipass welding simulations showed solid-state reheating of as-welded microstructures will result in an increase in austenite fraction in the WM. The degree of austenite fraction growth depends on the nitrogen content of the shielding gas used for the initial welding. Higher nitrogen content in the shielding gas will result in higher initial austenite fraction in the WM and less austenite fraction growth after the subsequent solid-state reheating.
From the GTAW results, the following conclusions can be drawn:
• In the case of autogenous GTAW with argon shielding, a higher arc energy creates a higher molten pool volume, which resulted in increasing nitrogen loss. The nitrogen loss from the molten pool caused a lower austenite fraction in the WM after cooling to room temperature.
• Opposite trends in austenite fraction of the WM and HAZ can be measured. The lower dT 12/8 cooling rate (higher arc energy) resulted in decreasing austenite fraction in the WM because of nitrogen loss from the molten pool. On the other hand, the lower dT 12/8 cooling rate resulted in an increasing austenite fraction in the HAZ because there was more time for nitrogen diffusion during the solid-state ferrite-to-austenite phase transformations.
• In the case of autogenous GTAW of LDX 2404 duplex stainless steel with argon and nitrogen mixture shielding, the increasing nitrogen content in the shielding gas resulted in increased austenite fraction in the WM. However, impractical (4 5% N 2 ) nitrogen levels in the shielding gas resulted in ideal austenite-to-ferrite phase balance because of the solubility and ionization limits of nitrogen. Thus, the thermal cycle has the most significant effect on the evolving microstructure.
• Actual multipass heterogeneous GTAW of SDSS 2507 superduplex stainless steel showed an increased number of welding passes resulted in increasing austenite fraction in the root pass microstructure, which needs great attention from industrial partners.
Separation of atomic from molecular nitrogen effects was partially successful in this work. More work needs to be performed in this area, with emphasis on finding the volume fraction of nitrides, another trap of the missing atomic nitrogen needed to stabilize austenite on cooling. Yet, it became obvious that controlling thermal cycles is a more effective way of obtaining reproducible duplex stainless steel welds.
